Metastatic breast tumors undergo epithelial-to-mesenchymal transition (EMT), which renders them resistant to therapies targeted to the primary cancers. The mechanistic link between mtDNA (mitochondrial DNA) reduction, often seen in breast cancer patients, and EMT is unknown. We demonstrate that reducing mtDNA content in human mammary epithelial cells (hMECs) activates Calcineurin (Cn)-dependent mitochondrial retrograde signaling pathway, which induces EMT-like reprogramming to fibroblastic morphology, loss of cell polarity, contact inhibition and acquired migratory and invasive phenotype. Notably, mtDNA reduction generates breast cancer stem cells. In addition to retrograde signaling markers, there is an induction of mesenchymal genes but loss of epithelial markers in these cells. The changes are reversed by either restoring the mtDNA content or knockdown of CnAa mRNA, indicating the causal role of retrograde signaling in EMT. Our results point to a new therapeutic strategy for metastatic breast cancers targeted to the mitochondrial retrograde signaling pathway for abrogating EMT and attenuating cancer stem cells, which evade conventional therapies. We report a novel regulatory mechanism by which low mtDNA content generates EMT and cancer stem cells in hMECs.
INTRODUCTION
Mitochondria are the major sites of energy generation contributing to B80% of cellular ATP in mammalian cells. They also have an important role in maintaining calcium homeostasis and integrating both intrinsic and extrinsic apoptosis pathways. 1 Each mammalian cell contains 100-1000 copies of mitochondrial DNA (mtDNA), which codes for 13 polypeptides that are essential components of the electron transport chain, in addition to rRNAs and tRNAs. All other mitochondrial proteins are coded by the nuclear genome. 2 Therefore, a coordinated expression of both genomes is essential for mitochondrial biogenesis and function. Mitochondrial functions can be affected by defects in mtDNA, alterations in nuclear DNA-encoded mitochondrial proteins or drug-induced mitochondrial membrane damage. Defects in mtDNA, including mutations and low mtDNA copy number, have been implicated in a wide range of disorders such as neurodegenerative disorders, mitochondrial myopathies, aging and cancer. 3, 4 Reduction in mtDNA copy number results in disruption of electron transfer chain complexes and loss of membrane potential. As a consequence, there is an elevation of cytosolic Ca 2 þ levels and activation of calcineurin (Cn)-mediated retrograde signaling to the nucleus. [5] [6] [7] MtDNA defects including deletions and point mutations have been reported in many human tumors. [8] [9] [10] The progressive accumulation of mtDNA mutations and deletions observed in some tumors and the heteroplasmic mtDNA mutations reported suggest that these perturbations are associated with tumorigenesis. 11, 12 Transmitochondrial cybrids in HeLa cells with homoplasmic mtDNA mutations in the mtATP6 gene showed increased cell growth in vitro and higher tumor incidence in nude mice. 13 Reduction in mtDNA copy number has been observed in many cancers including hepatocellular carcinomas, astrocytomas, prostate and breast cancers. 10, 12, [14] [15] [16] Furthermore, chemically induced mtDNA depletion in colorectal and prostate cancer cells promotes the emergence of aggressive cancers, suggesting a causative role of low mtDNA copy number in tumorigenesis. 17, 18 In support, mice heterozygous for the mitochondrial transcription factor A (TFAM), resulting in reduced mtDNA copy number, exhibit increased tumor growth in the small intestine when crossed with the adenomatous polyposis coli multiple intestinal neoplasia mouse model. 19 In mammary carcinoma patients, mtDNA mutations and low mtDNA copy number are associated with increased metastasis and poor prognosis. 12, 16 At the onset of metastasis, mammary carcinomas undergo epithelial-mesenchymal transition (EMT), a process that involves genetic and phenotypic reprogramming of epithelial cells to a predominantly mesenchymal phenotype and loss of cell polarity, cell-cell and cell-extracellular matrix adhesions. This transition enables some cells from the primary tumor mass to migrate out, intravasate into the blood stream, survive in the circulation, extravasate from the blood vessels, colonize and form metastases at distant sites. 20, 21 The cellular reprogramming in metastatic tumors renders them resistant to therapies targeted to the primary cancer and believed to contribute to the high mortality rates in breast cancer patients. 22 Therefore, an increased understanding of pathways that promote such reprogramming events is critical for designing therapeutic interventions against tumor metastasis. Involvement of mtDNA defect in promoting breast cancer metastasis was suggested in a study in which the metastatic potential of cancer cell line MDA-MB-231 was reversed by replacing its mtDNA with that from normal cells (mtDNA cybrid), while keeping the nuclear background unaltered. 23 Even though low mtDNA copy number is reported in 63-80% breast cancers, 16 its contribution toward EMT and breast cancer metastases has not been previously explored. To investigate the causal role of low mtDNA copy number in promoting EMT, we used two alternative models: one in which mtDNA content is selectively reduced by treatment with low doses of ethidium bromide (EtBr), which does not affect nuclear DNA replication, 24, 25 and second in which mtDNA is depleted by genetic manipulation of TFAM. To delineate the contribution of reduced mtDNA copy number in tumor initiation and metastatic progression through EMT, we selected human mammary epithelial cells of noncarcinoma (MCF10A) and carcinoma (MCF7) origin. We show that the reduction in mtDNA copy number in human mammary epithelial cells activates a Cn-mediated mitochondrial retrograde signaling that induces the process of EMT by upregulation of mesenchymal gene expression, modulation of alternative splicing factor Esrp1 and generation of breast cancer stem cells.
RESULTS
Mitochondrial respiratory stress induced by reduced mtDNA copy number in mammary epithelial cells We used 50 ng/ml of EtBr, which is the minimal concentration required for partial depletion of mtDNA in these cells. Figure 1 shows the mtDNA contents of MCF7 and MCF10A cells generated by EtBr treatment for five passages. These cells will be referred to as 'mtDNA-reduced' cells. Removal of EtBr from the growth medium allowed for the recovery of mtDNA content to about 70-80% of the untreated parental cells (Figure 1a ). These cells are referred to as 'reverted' cells. We assessed the relative mtDNA copy numbers between parental MCF10A (normal mammary epithelial) and MCF7 (mammary carcinoma epithelial) cells. MCF7 cells contain B55% mtDNA copy number compared with that in parental MCF10A cells (Supplementary Figure S1A) . It is important to note that we have not observed any significant difference in the amplification of the nuclear gene GAPDH (glyceraldehyde-3-phosphate dehydrogenase) between the two cell lines or the respective parental, mtDNA-reduced and reverted cell types (Supplementary Figure S1B) , indicating that the nuclear genome copy number remains unchanged.
The mitochondrial functions including oxygen consumption rate (OCR) and glycolysis (extracellular acidification rate) in parental, mtDNA-reduced and reverted MCF10A and MCF7 cells were measured in an extracellular flux analyzer (Seahorse Bioscience, Billerica, MA, USA). The complex V inhibitor oligomycin markedly inhibited mitochondrial respiration in parental and reverted cells, indicating an ATP-coupled mitochondrial respiration. In contrast, ATP-coupled respiration was reduced by more than 70% in mtDNA-reduced cells compared with parental cells, indicating dysfunctional mitochondria (Figures 1b and c , and Supplementary Figures S1C and D) .
Maximum uncoupled respiration is an indicator of the functional state of mitochondrial electron transport chain complexes. The difference between maximum uncoupled respiration and basal respiration, termed spare respiratory capacity, is used by cells under higher energy demands. Addition of uncoupler dinitrophenol (DNP) resulted in an increase in OCR to the maximal capacity owing to uncoupling of respiration (Figures 1b and c) . In parental and reverted cells, DNP increased OCR by 120% over basal rates, indicating a robust spare respiratory capacity. In mtDNA-reduced cells, DNP did not increase the OCR significantly, indicating that the spare respiratory capacity was significantly diminished (Figures 1b and c) . Moreover, in response to mitochondrial stress, cells frequently upregulate glycolysis to compensate for decreased oxidative phosphorylation. Accordingly, mtDNA-reduced cells showed the highest rate of glucoseinduced extracellular acidification rate (Supplementary Figure  S1D) . These results show that mtDNA-reduced MCF10A and MCF7 cells exhibit loss of mitochondrial functions that were restored in reverted cells.
Another important indicator of healthy mitochondria is the abundance of filamentous mitochondrial network. Mitochondrial morphology was examined by confocal fluorescence microscopy of cells stained with antibody to mtDNA-encoded CcO IVi1 subunit. Parental MCF10A and MCF7 cells showed an abundant and highly filamentous mitochondrial network, whereas mtDNAreduced cells had a markedly diminished network and mostly fragmented mitochondrial particles. As expected, the reverted cells showed a more filamentous structure (Figures 1d and e) . We further assessed the mitochondrial transmembrane potential of the parental, mtDNA-reduced and reverted cells using a cellpermeant dye tetramethylrhodamine, ethyl ester that accumulates in functional mitochondria while depolarized mitochondria fail to sequester this dye. As shown in Supplementary Figure S2A , mtDNA-reduced cells have B30-45% lower membrane potential compared with the parental cells.
Reduction in mtDNA content induces cellular morphological changes Normal mammary epithelial cells are characterized by their wellorganized architecture, polarized morphology, abundant cell junction proteins, dense packing with negligible intercellular space and attachment to the basement membrane, whereas epithelial mammary carcinoma cells lose these hallmark epithelial characteristics. 26 Consistent with this, parental MCF10A cells exhibit highly ordered 'cobblestone-shaped' epithelial cell morphology in two-dimensional (2D) culture conditions. However, mtDNA-reduced MCF10A cells lose this morphology and adopt a spindle-shaped fibroblast-like appearance more typical of mesenchymal cells (Figure 2a, top panel) .
In three-dimensional (3D) cultures, normal mammary epithelial cells form glandular structures that resemble mammary acini found in vivo. 26, 27 Phase contrast images of parental MCF10A cells grown in 3D cultures show spherical, well-organized architecture typical of 'normal' mammary epithelial cells, whereas mtDNAreduced MCF10A cells formed highly irregular spheroids invading into the surrounding matrigel. Reverted MCF10A cells formed spheroids similar to the parental cells (Figure 2a, bottom panel) . Phalloidin staining of the 3D spheroids revealed that parental and reverted cells form well-organized actin filaments forming acinar structures compared with the mtDNA-reduced cells, which had highly irregular actin organization (Figure 2b and Supplementary  Figure 3) . The irregular 3D clusters of spheroids formed by mtDNAreduced MCF10A cells are typical of highly invasive cells that have disrupted the cytoskeletal organization. 26, 27 This supports the idea that mitochondrial stress is a potential contributor to mammary cell invasion and metastasis.
MCF7 cells being carcinoma cells in origin do not organize into a typical cobblestone pattern in monolayer 2D cultures. MtDNAreduced MCF7 cells exhibited loss of contact inhibition and grew as piled-up colonies, a characteristic of metastatic carcinoma cells (Figure 2c , top panel). Parental MCF7 carcinoma cells grown in 3D cultures formed organized spheroids that were dense and compact and had an epithelium-like structure at the periphery with a necrotic core, which is consistent with their tumorigenic origin (Figure 2c , bottom panel). MtDNA-reduced MCF7 cells, on the other hand, formed multiple spheroids that were largely irregular in architecture with no noticeable necrotic core and had protrusions into the matrigel layers consistent with those observed in metastatic tumors. 26 Reverted MCF7 cells more closely resembled the parental cells in morphology and growth patterns. These results confirm that changes in morphology and growth patterns of these cells are directly related to reduction in mtDNA copy number. A similar alteration to fibroblast-like morphology was also observed in mtDNA-reduced human lung adenocarcinoma A549 cells, indicating the generality of mitochondrial stress-induced morphological alteration (Supplementary Figure S6C) .
Mitochondrial stress generates breast cancer stem cells with selfrenewal capacity During EMT, disseminated cancer cells acquire a self-renewal capacity and stemness, which enable them to colonize distant tissues and form micro-metastases in vivo. 20 We therefore assessed the self-renewal potential of mtDNA-reduced MCF10A and MCF7 cells in a serial-passaging sphere-forming assay ( Figure 3 , and Supplementary Figures S4A and B) . For this purpose, we grew the cells in serum-free medium in lowattachment dishes in mammosphere cultures and counted the spheres (termed as Gen1) formed in each cell type. MtDNAreduced MCF10A and MCF7 cells had eightfold-and fivefoldhigher sphere-forming capacity, respectively, compared with their parental cells (Figures 3a and e) . On disseminating these Gen1 spheres and further replating them, we observed that mtDNAreduced MCF10A and MCF7 cells formed markedly higher number of spheres (termed as Gen 2) that were larger in size (Figures 3a, b and e-g). Notably, parental and reverted cells mostly grew as monolayer cultures in Gen2, losing their sphere-forming capacity. Moreover, the spheroids formed by mtDNA-reduced cells survived forX45 days, whereas those from the parental cells survived p10 days. In addition, we observed a significantly higher number of viable non-adherent floating population of cells in mtDNAreduced MCF7 cells compared with the parental cells (Supplementary Figure S4A) . These disseminated 'floater cells' from the mtDNA-reduced MCF7 mammosphere cultures formed larger spheroids during serial passaging in 3D cultures, whereas those from parental cells did not form such spheres. Our results here show that mitochondrial stress generates cells with the potential for continuous self-renewal during serial passaging through generations.
We assessed the levels of cell surface markers CD44 and CD24 that are altered in metastatic breast cancer stem cells. 20, 28 Protein levels of CD44 were markedly higher in mtDNA-reduced MCF10A cells compared with the parental and reverted cells (Supplementary Figure S4C) . Flow cytometry analysis demonstrated that mtDNA-reduced MCF10A and MCF7 cells ( Acquired migratory potential, invasiveness and metastatic potential in cells with reduced mtDNA content Carcinoma cells undergoing EMT acquire an increased migratory capacity that enables them to detach from the basement membrane and invade other tissues to promote metastasis. 20, 21 We assessed the migratory capacity of MCF10A cells (Figures 4a-d) as a function of metastatic potential by using an established scratch-wound healing assay. Unlike MCF7 cells, parental MCF10A cells grow as a confluent monolayer in 2D culture, which is ideal for the collective cell migration assay. In this assay, MCF10A cells with reduced mtDNA content were highly motile and migrated into the 'scratched' area within 10 h of plating, whereas the parental and reverted cells showed no migration during this time period. After 20 h of plating, the mtDNA-reduced cells completely covered the 'scratched' area, whereas the parental and reverted cells only partially migrated toward the cleared region (Figure 4a and timelapse videos). Moreover, the migration patterns of the three MCF10A cell types were distinct. The parental and reverted cells migrated only along the leading edge in an unidirectional ordered manner, mostly owing to higher cell division, whereas those with mitochondrial stress were faster and had unorganized trajectory typical of cells with high metastatic potential. These cells also showed pseudopodia-like projections characteristic of metastatic carcinoma cells (Figure 4a and time-lapse videos). The total path, overall displacement and the velocity of mtDNA-reduced MCF10A cells were increased significantly (Figures 4b and c) . Windrose plots of cell movement, where all cell tracks are placed at the same starting point, clearly demonstrated the markedly different pattern of motion between parental and mtDNA-reduced cells (Figure 4d ).
The capacity of cells to migrate across a growth-factor-reduced matrigel basement membrane in vitro is an indicator of their in vivo invasive potential. 29 In agreement with previous reports, 29, 30 we observed the inability of parental MCF7 and MCF10A cells to invade the matrigel membrane in a transwell invasion assay. However, mtDNA-reduced MCF7 and MCF10A cells readily invaded the Matrigel membrane within 24 h (Figure 4e ). Moreover, the relative inability of reverted cells to invade the Matrigel membrane supports a direct link between mitochondrial respiratory stress and increased invasiveness.
We assessed the metastatic potential of MCF10A and MCF7 cells in an ex vivo pulmonary metastatic assay (PuMA) in the native 3D collagen network of the mouse lung. This assay mimics the tumor cell microenvironment and stromal interactions that occur in vivo during metastasis. 31 As shown in Figure 4f , at the initial time point (day 0), the mtDNA-reduced MCF10A and MCF7 epithelial cells had 'homed-in' the lung capillaries with very few parental (MCF10A) and reverted cells and had the histologic appearance of normal human epithelial cells (larger nucleus:cytoplasmic ratio). Differences in the metastatic phenotype between the parental, mtDNA-reduced and reverted MCF7 and MCF10A cells became calcium-dependent phosphatase CnA. 5, 6, 32, 33 We therefore tested the role of this pathway by mtDNA depletion, which also disrupts Dc m 6,34 in the activation of the EMT marker genes in breast epithelial cells. The parental MCF10A and MCF7 cells had low Cn activity, whereas mtDNA-reduced MCF10A and MCF7 cells had a 4-7-fold increase in Cn activity. The Cn activity in reverted cells was similar to parental cells, confirming that the observed CnA activation is in response to reduced mtDNA content (Figure 5a ). In addition, we observed an increase in steady-state levels of CnAa in MCF7 cells (Supplementary Figure S6A) .
Some of the hallmarks of retrograde signaling include IGF1R, PI3Kinase and Akt kinase activation, which are critical for the propagation of the signaling cascade. 32, 35 We observed that mtDNA-reduced MCF10A and MCF7 cells have more than threefold increased IGF1R (Figures 5b and c, top panels) . We reported that Akt1 is transcriptionally activated and expressed at a higher steady-state level in response to mitochondrial retrograde signaling. 35 Notably, Akt1 kinase is an important driver of the EMT process. 36 MtDNA-reduced MCF10A cells had fivefold-higher induction of Akt, whereas MCF7 cells had only a modest increase in Akt levels (1.5-fold). This modest increase over control in the latter cell type is not surprising, as MCF7 cells are carcinoma cells with higher endogenous Akt levels. We also observed higher phospho-Akt (Ser 473) levels in mtDNA-reduced cells, indicating activation of Akt kinase in these cells (Figures 5b  and c) . Notably, the IGF1R and Akt levels in reverted MCF10A and MCF7 cells are markedly lower than mtDNA-reduced cells. To assess the functional relevance of higher IGF1R expression in mtDNA-reduced cells, we treated parental and mtDNA-reduced cells with a specific IGF1R inhibitor picropodophyllin. Inhibition of the IGF1 receptor resulted in a significant increase in cellular apoptosis in mtDNA-reduced MCF10A and MCF7 cells without any noticeable effect in parental cells (Figures 5d and e) , suggesting that the IGF1R is essential for survival of mtDNA-reduced cells. These results indicate that the key propagators of mitochondrial retrograde signaling pathway, Cn-IGF1R-Akt, are activated in mtDNA-reduced MCF10A and MCF7 cells.
Mitochondrial retrograde signaling induces nuclear genes involved in EMT
We further ascertained the causal role of mitochondrial retrograde signaling in EMT by analyzing marker gene expression in MCF10A and MCF7 cells. Reduction in mtDNA content in MCF10A cells caused a 2-4-fold increase in transcription factors, Snail, Slug and Twist, whereas mtDNA-reduced MCF7 cells showed 5-20-foldhigher mRNA levels for these factors, which are known to transcriptionally repress the epithelial cell adhesion marker e-cadherin (Figures 6a and b) . In agreement with these results, we observed that mtDNA-reduced MCF10A and MCF7 cells contain low levels of mRNA for epithelial form of e-cadherin but fourfold-higher mRNA for the mesenchymal form of N-Cadherin (Figures 6a and b) . In mtDNA-reduced MCF10A and MCF7 cells, we observed 12-and 5-fold upregulation of matrix metalloprotease MMP-9, a key factor involved in breakdown and remodeling of extracellular matrix during loss of cell-basement membrane attachment and extravasation (Figures 6a and b) . In addition, the mesenchymal cell-specific extracellular matrix protein fibronectin and intermediate filament protein vimentin were upregulated in mtDNA-reduced MCF10A and MCF7 cells (Figures 6a and  b , and Supplementary Figure S6B) . Importantly, the gene expression patterns in reverted cells were closer to the parental cells, further supporting a causal role for the low mtDNA copy number in phenotypic transition to mesenchymal state. Notably, reduction of mtDNA content by 20 or 50% had no appreciable effect in induction of EMT genes (Supplementary Figure S7 ), suggesting that a certain level of mtDNA copy number reduction is necessary for inducing this transition process. We also observed an induction of genes involved in EMT of mtDNA-depleted human lung adenocarcinoma A549 cells (Supplementary Figure S6D) .
To ascertain the role of mitochondrial retrograde signaling in EMT, we silenced CnAa (90% mRNA knockdown), which is a key upstream mediator of the retrograde signaling pathway (Figures  6c and d) . We observed that silencing CnAa in parental MCF10A and MCF7 cells did not have any significant effect on the levels of mRNAs for N-Cadherin, Vimentin and Snail. This is not surprising, as CnAa is not activated in parental cells, and therefore its mRNA silencing has no effects on the downstream gene expression. In contrast, silencing CnAa in mtDNA-reduced cells resulted in a marked decrease in the levels of all of these key mesenchymal genes, whereas expression of scrambled siRNA had no effect. We therefore conclude that CnAa-mediated mitochondrial retrograde signaling is a driver of the EMT in mtDNA-reduced MCF10A and MCF7 cells. MtDNA copy number reduction modulates the expression of the splicing regulator ESRP and alternative splicing of EMT genes It is believed that induction of EMT is regulated by changes in the expression of splicing regulators and alternatively spliced gene products. 37 Consequently, the modulation of epithelial-specific splicing regulatory proteins (ESRP), which are expressed only in epithelial cells and downregulated in mesenchymal cells, are important indicators of the EMT process. 38, 39 MtDNA-reduced MCF7 and MCF10A cells showed loss of ESRP1 expression, indicative of their mesenchymal state (Figure 6e ). However, we did not observe any difference in the levels of expression of the ESRP2 isoform (data not shown). Finally, ESRP1 expression in reverted cells was similar to that in parental cells, confirming the role of retrograde signaling in the altered expression of this gene.
To ascertain the contribution of the altered expression of ESRP1 in the mesenchymal transition of mtDNA-reduced cells, we ectopically overexpressed EGFP-ESRP1 in mtDNA-reduced MCF10A and MCF7 cells. ESRP1 overexpression was confirmed by the nuclear GFP (green fluorescent protein) signal in EGFP-ESRP1-expressing cells, in contrast to the cytosolic GFP signal in cells expressing the EGFP empty vector (negative control) (Figures 6f and g top panels and Supplementary Figures S8A and B) . We observed a reversal of expression of mesenchymal markers fibronectin, vimentin and N-cadherin with a corresponding increase in the epithelial marker E-cadherin. These results suggest that the mesenchymal phenotype in mtDNA-reduced cells is conferred, at least in part, by reduced ESRP1 expression, possibly by altering the splicing patterns of target genes. ESRP1 modulates the expression of a wide array of genes involved in EMT progression by acting both as a negative and positive splicing regulator. 40 We analyzed the splicing patterns of OSBPL3, ENAH and SLK, which are involved in EMT progression and are known ESRP1 exon-inclusion targets (Supplementary Figure S8C) . We observed changes in expression of alternatively spliced isoforms of the three genes in mtDNA-reduced MCF10A cells compared with the parental cells, confirming the role of ESRP1 in EMT.
Induction of retrograde signaling by shRNA-mediated depletion of TFAM To ascertain the pathophysiological significance of our findings with EtBr-mediated mtDNA depletion and its effect on EMT, we used a more pathophysiologically relevant approach of modulating mtDNA copy number by shRNA-mediated silencing of TFAM (Figure 7) . In both MCF10A and MCF7 cells, Tfam mRNA was silenced to B90% by expressing specific Tfam shRNA compared with parental cells expressing GFP shRNA as a negative control (Figures 7a and f) . As TFAM is critical for mtDNA packaging and maintainence, 41 silencing this factor resulted in a 70-85% decrease in mtDNA content in both cell types (Figures 7b and g ). Similar to EtBr-treated mtDNA-reduced cells, we observed that Tfam-silenced MCF10A cells had aberrant mitochondrial morphology with a markedly reduced mitochondrial network (Figure 7c) . Moreover, Tfam-silenced mtDNA-reduced MCF10A and MCF7 cells had significantly lower maximal respiratory capacity compared with the parental cells (Figure 7d) . The dysfunctional state of mitochondria in Tfam-silenced cells was further confirmed by growing cells in the presence of galactose, a non-fermentable carbon source. We observed that Tfam-silenced cells have a higher dependence on glucose, as the carbon source and only a small percentage of cells survived in the presence of galactose (Supplementary Figure S9) . The key mediator of retrograde signaling, CnAa mRNA, was increased by 2-to 2.5-fold in Tfam-silenced MCF10A and MCF7 cells (Figures 7a and f) . The CnAa activity was induced by threefold in Tfam-silenced MCF10A cells compared with cells expressing GFP shRNA (Figure 7b) .
Tfam-silenced cells acquired a fibroblast-like spindle-shaped morphology, whereas those expressing GFP shRNA maintained their characteristic epithelial features (Figure 7e ). In addition, in Tfam-silenced cells, the mesenchymal markers Vimentin and N-cadherin are markedly induced with a corresponding loss of E-cadherin, indicative of EMT in these cells (Figures 7h and i) . Similar to EtBr-treated mtDNA-reduced cells, Tfam-silenced cells were also dependent on IGF1 receptor activation, and inhibition of IGF1 receptor using picropodophyllin resulted in a marked increase in apoptosis in these cells (Figures 5d and e) . These results demonstrate that a reduction in mtDNA copy number by Tfam silencing induces a retrograde signaling and EMT similar to EtBr-treated mammary epithelial cells.
DISCUSSION
Numerous studies support a role for mtDNA defects in a wide range of human cancers. Reduction in mtDNA copy number by increase in ratios of mutant:wild-type mtDNA owing to timedependent accumulation of mutant DNA or reduction of mtDNA copy number owing to defective replication are hallmarks of agerelated diseases. The latter has been shown to be a result of mutations in mtDNA polymerase gamma, the mtDNA helicase TWINKLE and defective TFAM. 4, 14, 42 We demonstrate here that reducing mtDNA copy number below 70-80% either by EtBr treatment or by silencing TFAM induces cellular reprogramming resembling EMT in human mammary epithelial cells. The changes include morphological, metabolic and genetic changes that increase the metastatic potential of tumorigenic MCF7 cells. Interestingly, mtDNA reduction induces tumorigenic markers and promotes EMT in benign MCF10A cells. This is the first mechanistic report establishing the causal role of mitochondrial retrograde signaling involving Cn activation in transforming human mammary epithelial cells to highly invasive phenotype by inducing mesenchymal genes favoring EMT. EMT is a critical process for breast cancer progression and metastasis, as it enables epithelial cells to invade and metastasize. Self-renewal ability, similar to stem cells, is a hallmark of these metastasizing tumor cells. 20, 28 A key finding here is that low mtDNA copy number generates breast cancer stem cells, which reportedly contribute to high rates of metastases.
We and others have reported that mitochondrial dysfunction, owing to mtDNA depletion (70-80% reduction in mtDNA copy number) and disruption of membrane potential, initiates a Ca 2 þ / Cn-mediated mitochondrial retrograde signaling pathway that modulates Ca 2 þ -sensitive transcription factors and alters nuclear gene expression. [5] [6] [7] 14, 17, 33, 34, 43, 44 Prior reports suggest that mitochondrial dysfunction can be a contributor in tumor induction. 5, 6, 10, 19, [45] [46] [47] [48] [49] This study supports a role for mitochondrial retrograde signaling in driving multiple stages of tumorigenesis, from initiation to progression through EMT (Figure 8 ). Notably, using two different mitochondria-specific antioxidants, MitoQ and MitoCP, we confirmed that there was no significant mitochondrial reactive oxygen species produced in cells with reduced mtDNA content, suggesting that the retrograde signaling in these cells is not mediated by reactive free radicals (Supplementary Figure S2B) .
EMT can be induced by a wide range of cellular signals involving many different pathways. A number of nuclear transcription factors such as Snail, Twist, Slug, FoxC1, TGFb and Zeb have been reported to act as EMT inducers and metastasis promoters. 50 Despite our current knowledge of a number of nuclear transcription factors and cell adhesion proteins involved in this transition, the mechanisms driving induction of the EMT are not completely understood. The present study indicates that mitochondrial retrograde signaling causes an upregulation of some of the hallmark EMT-inducing signature factors, such as Snail, Slug and Twist, along with mesenchymal markers N-cadherin, matrix metalloprotease MMP-9, fibronectin and vimentin. This is also the first report showing that mitochondrial retrograde signaling is a modulator of epithelial splicing regulatory protein (ESRP)-1 expression, which regulates the alternative splicing of a wide array of gene sets involved in inducing EMT. 39 In addition, we show here that mitochondrial retrograde signaling in human mammary epithelial cells induces Akt kinase, which is reported to control EMT-specific alternative splicing events by phosphorylating Serine/Arginine-rich splicing regulator SRSF1. 51 Together, our results suggest that mitochondrial retrograde signaling is an upstream effector of EMT, possibly by regulating the expression of nuclear genes involved in cellular reprogramming.
We also demonstrate here that reduced mtDNA copy number and resultant Cn-mediated mitochondrial retrograde signaling have a causal role in driving EMT in human mammary epithelial cancer cells (Figure 8 ). Our result showing induction of EMT in mtDNA-reduced MCF10A and MCF7 cells is significant in view of reports showing that 63-80% of breast cancer patients exhibit low mtDNA copy number and 30% of patients carry somatic mutations in mtDNA D-Loop regions. 16, 49, 52 Furthermore, breast cancer cell lines lacking mtDNA (rho zero) showed decreased sensitivity to chemotherapeutic drugs such as doxorubicin, vincristine and paclitaxel, suggesting that low mtDNA content is a possible contributor to the poor prognosis of breast cancer patients. 53 Together, our results suggest that mtDNA copy number could be a useful prognostic marker, and mitochondrial stress-specific EMT marker genes may represent useful therapeutic targets for the treatment of metastatic breast cancer.
MATERIALS AND METHODS
Cell culture MCF7 cells were grown in Eagle's Minimum Essential Medium containing 10% FBS, 0.1% penicillin/streptomycin and 0.01 mg/ml insulin. MCF10A cells were grown in DMEM/F12 (1:1) containing 10% FBS, 0.1% 20 ng/ml EGF, 10 mg/ml insulin, 100 mg/ml hydrocortisone and 10 ng/ml cholera toxin. MtDNA content was reduced (relative to the nuclear DNA) type by EtBr treatment (50 ng/ml) for five passages and cells were grown in the presence of 1 mM sodium pyruvate and 50 mg/ml uridine. MtDNA content measured by Real-Time PCR using specific primers for mtDNA coded Cytochrome Oxidase I and nuclear DNA coded either Cytochrome Oxidase IV gene or GAPDH gene. Three-dimensional cultures of MCF10A and MCF7 cells were grown in 2% growth factor-reduced Matrigel, as described earlier. 26 Details of staining procedures for the 3D MCF10A colonies are provided in the Supplementary Materials. For self-renewal assays, MCF10A and MCF7 cells were grown in low-attachment dishes (Corning, Tewksbury, MA, USA) in serum-free growth medium, as described earlier. 54 Details on the gene manipulation experiments are presented in the Supplementary methods. For assessing the role of IGF1R, cells were treated with IGF1 receptor-specific inhibitor picropodophyllin (2.5 mM, 2 h), and cell viability was measured using Guava Viacount (Millipore, Billerica, MA, USA) as per the manufacturer's protocol.
Cellular respiration
Oxygen consumption and extracellular rate of acidification was carried out in a XF24 Seahorse Analyzer (Seahorse Bioscience) using 5 Â 10 4 cells. Oligomycin (2 mg/ml), DNP (75 mM) and Rotenone (1 mM) were added sequentially as indicated in the figures.
Migration (scratch-wound healing) assay
Confluent monolayer of cells were scratched using a pipette tip, and cells migrating into this area were observed at 5-min intervals for 20 h under an inverted bright-field microscope. Still images were extracted at 0, 10 and 20-h time points. For quantitative analysis, individual cells were tracked and their direction of movement, velocity and distance covered in the direction of the wound were measured using Volocity software (Perkin Elmer, Waltham, MA, USA).
Matrigel invasion assay
In vitro invasion assays were carried out as described previously. 33, 35 Cells (5 Â 10 4 ) were suspended in 500 ml of growth medium and seeded on top of the Matrigel layer. After 24 h, invasive cells were stained with hematoxylin and eosin and observed with bright-field microscopy.
Pulmonary metastasis assay
The ex vivo evaluation of parental, mtDNA-reduced and reverted MCF10A and MCF7 cells in mouse whole lung cultures was carried out using the (PuMA) as previously described and summarized in the Supplementary Methods. 31 Calcineurin activity Cn activity was measured using a Cn activity assay kit (Enzo Life sciences, Farmingdale, NY, USA) according to the manufacturer's instructions. Briefly, total phosphatase activity in 5 mg of cell lysates prepared from parental, mtDNA-reduced and reverted MCF10A and MCF7 cells was measured by incubating with Cn-specific RII phosphopeptide substrate in the presence or absence of EGTA. Free phosphate released was measured using malachite green. Phosphatase activity measured in the presence of EGTA was subtracted from total activity to obtain Cn-specific phosphatase activity.
Flow cytometry analysis CD44 and CD24 expression levels in all cell types were quantified by flow cytometry. Non-confluent cells were trypsinized into single-cell suspensions, counted and washed with phosphate-buffered saline. Cells were stained for 15 min at room temperature using CD24-PE and CD44-APC antibodies (BD Biosciences, San Jose, CA, USA) and counted on a BD FACScalibur. Gating during analysis was set with unstained cells.
Statistical analysis
All assays were carried out in triplicate from three independent experiments. Statistical analysis was carried out using Student's t-test. P valuep0.001 (indicated as *) was considered highly significant. ABBREVIATIONS mtDNA, mitochondrial DNA; EMT, epithelial-to-mesenchymal transition; EtBr, ethidium bromide; Cn, calcineurin; ESRP1, epithelial splicing regulatory protein 1; TFAM, mitochondrial transcription factor A. 
